begin experiments. The usual growth medium was Eaple's mlnimal
-.
incubated with 3 ml trypsin solution. In preparation for freezing, Speculation however, cells were incubated in a film of trypsin in a draft-free It appears that cystic fibrosis skin fibroblasts and normal skin area.
were then resuspended in 70%
M E M j 20% fibroblasts are equally sensitive to isoproterenol. The likely explaserum, and lo% dimethy' sulfoxide and frozen Over nation for a previous observation of a Ifold higher response to liquid nitrogen in a Union Carbide Biological Freezer BF5.
isoproterenol is that an improbable selection of the five cystic were grown in 24-we11 plates in fibrosis strains and the five normal strains occurred.
1 ml of growth medium at 37°C in 5% COz. In preparation for stimulation of the cells, we set the plates in a 37°C water bath and replaced the growth medium with warmed HEPES-buffered EaThe observation by Buchwald (1) that skin fibroblasts taken gle's MEM (without serum) containing the desired concentration from five boys afflicted with cystic fibrosis (CF) produced more of freshly dissolved agonist. At the appropriate times, this medium cyclic adenosine 3':5'-monophosphate (cyclic AMP) in response was aspirated and replaced with 5% trichloroacetic acid (TCA). to isoproterenol than did strains of fibroblasts taken from normal The TCA supernatants were placed onto Pastew pipette cohmns young males prompted us to test this correlation on larger Sam-containing about 4 cm of Dowex 50. The columns were rinsed plings of both subject types. We report here evidence [in accord with 1.5 ml 0.1 N HC1 followed by 1.5 ml HzO. The cyclic AMP with a later report by Buchwald and Mapleson (2) ] that fibroblasts fraction was collected in the next 3.0 ml H20. Cyclic AMP have a wide variation in their response to isoproterenol, but this standards were also run over columns (0.1 to 50 pmoles in 1 ml response is not affected by the presence of cystic fibrosis in the 5% TCA). Eluted samples and standards were buffered by adding donor.
0.1 ml of 1.5 M sodium acetate with 0.15 M CaC12 (15) at pH 4.75. Cyclic AMP was determined by radioimmunoassay (8) . Aliquots
MATERIALS AND METHODS
of from 0.05 to 0.25 ml were acetylated with 0.005 ml of a 2:l fresh mixture of triethy1amine:acetic anhydride (15) . To this was The fibroblasts used in these experiments were all from human added 0.05 ml of '25~-tyrosylmethylester of succinyl cyclic AMP skin and were obtained from the Institute for Medical Research, (10,000 to 20,000 cpm; specific activity, > 150 Ci/mmole) and 0.1 Camden, NJ. Strains used here were originated by investigators ml of a 1:5000 dilution of cyclic AMP antibody from rabbit. These outside of the Institute except for normal strains 316 and 1582. additions were dissolved in 0.05 M sodium acetate and 5 mM Strains were grown at the Institute in the various media used by CaC12 at pH 4.75. The antibody solution also contained 30 mg/ml the originator (without antibiotics) and frozen in the same media bovine serum albumin, Cohn fraction 5. The samples were incuplus 10% glycerol. Ampules of desired strains are thawed upon bated at 4°C overnight, mixed with 2 ml of cold 70% ethanol, and request, and cells in exponential growth are shipped by air (at centrifuged at 2000 x g at 0°C for 20 min. The supernatant was room temperature) in 25 cm2 flasks completely filled with medium. aspirated, and the pellet was counted with a Searle gamma counter The age, sex, and passage number, as stored at the Institute are for 5 min. The pellet lost about 10% of its counts to the atmosphere presented for each strain in Table 1 . Strains are unrelated except if it was allowed to dry. We thus added 0.2 ml HzO to each tube that 1013 and 1014 came from brothers, 1957 and 1959 came from to prevent drying during the counting period. brothers, and 1651 and 1652 came from sisters. After reception, Protein was determined on TCA-precipitable residue by the the strains were passaged 2 to 7 times at 1:4 splits before being method of Lowry et al. (10) using bovine serum albumin as a harvested during exponential growth and frozen for future use. standard. Cells were counted on a Particle Data Celloscope. For experiments, cells were thawed in a 37°C water bath and
The chemicals used and their sources were: media powder, quickly placed in 10 ml of growth medium. After 2 to 5 days, they trypsin, fetal calf serum from Grand Island Biological Co; fetal were passaged once to 2500 cells/cm2, harvested during exponen-calf serum also from Microbiological Associates; HEPES buffer, tial growth (3 to 4 days), and planted again at 2500 cells/cm2 to pyruvate, d,l-isoproterenol, prostaglandin El (PGE,), bovine se- 
RESULTS

ACCUMULATION OF CYCLIC AMP AT CULTURE CONFLUENCY
Buchwald's (1) principal method of comparison of five CF and five normal strains was to measure the amount of cyclic AMP accumulated in 15 rnin by confluent cells in response to 10 pM isoproterenol and 0.7 mM R020-1724. We carried out a similar comparison with nine normal strains and 10 CF strains (Table 1) . We tested the two phosphodiesterase inhibitors, Ro20-1724 and IBMX, at 0.7 mM. In the presence of either inhibitor, the response varied greatly between strains. With Ro20-1724, the cyclic AMP per 10%ells ranged from 0.15 to 2.41 nmoles for CF strains and 0.37 to 1.59 nmoles for the normal strains. The difference between the average responses for CF and normal strains was small and insignificant ( P > 0.6) using either inhibitor.
We also measured the cyclic AMP accumulated per lo6 cells without phosphodiesterase inhibitors at 5 rnin and found 0.24 k 0.10 nmoles (+ S.E.) for CF and 0.33 k 13 nmoles for normal cells. At 15 min, we found 0.12 k 0.07 nmoles for CF and 0.07 f 0.02 nmoles for normal cells. The lowering by a factor of about 10 of the 15 rnin response due to lack of phosphodiesterase inhibitors is similar to the observation of Buchwald (1) on two normal and two CF strains at confluence. These differences between C F and normal strains at 5 and 15 rnin were again insignificant ( P > 0.5).
Although it is always difficult to repeat the protocol of others exactly, we are aware of two differences worth mentioning: (1) we began our cultures at 2500/cm2 from exponentially growing cells (3 days after plating), whereas Dr. Buchwald (1) subcultured confluent dishes at 1:8 dilution; (2) we did not feed our cells during the 11 days of culture, whereas the cells of the original study (1) were fed every 3 days. Nonetheless, the growth curves of these cells were very similar to the growth curves illustrated in the first study (1); cell number increased for 8 days before leveling off between 8 and 11 days. The final averaged density of the cells also was similar: 44,000 k 8,000 cells/cm2 in the first study (1) and 56,000 rt 25,000 (+-S.D.) cells/cm2 here. .
We also measured cyclic AMP content after 15 and 60 rnin of 10 pM PGEl with 7 mM Ro20-1724 or IBMX. With these confluent cultures, the averaged CF response was in all four situations within 15% of the averaged response of normal cells of about 5 nmoles CAMP per lo6 cells. Buchwald (1) observed a similar lack of difference between CF and normal cells in their response to PGEl 60 rnin after exposure to 1.0 pM PGE, plus 0.7 mM Ro20-1724.
ACCUMULATION OF CYCLIC AMP DURING EXPONENTIAL GROWTH
Buchwald (1) measured an increased response to isoproterenol by two strains of CF cells when tested at 2, 4, and 7 days as well as at 11 days. We compared CF and normal fibroblasts 3 days after plating on two occasions (Tables 2 and 3) . We grew cells in the growth medium described in "Materials and Methods" with 15 or 20% fetal calf serum. Table 2 contains data pertaining to an experiment done with 20% fetal calf serum on 23 of these strains. Table 3 presents an experiment examining 19 strains during growth in 15% fetal calf serum.
We found very similar averages for all measurements of cyclic AMP accumulation in response to 10 pM isoproterenol. With 0.2 mM IBMX (Table 2) , no difference in the average cyclic AMP content was seen at 2 to 5 or 15 min whether one expressed the content per mg protein or per lo6 cells (P > 0.4). With 0.5 mM IBMX (Table 3) , no difference in average cyclic AMP content was seen at 10 or 15 rnin regardless of the manner of expression ( P > 0.7).
INITIAL RATE OF ACCUMULATION OF CYCLIC AMP
To test for a differential effect of isoproterenol on adenylate cyclase which might be masked by differing rates of desensitization (13) , cyclic AMP degradation, or cyclic AMP secretion, we measured initial rates of accumulation of cyclic AMP in intact cells after stimulation with 10 pM isoproterenol. By adding 0.5 mM IBMX simultaneously with 10 pM isoproterenol and measuring at times less than 1 min, an apparently linear accumuiation of cyclic AMP was produced. Without phosphodiesterase inhibitor, the response was decidedly nonlinear by 40 sec for most of the 23 strains tested. We found that simultaneous addition of agonist and IBMX or Ro20-1724 led to faster initial rates when compared with a preincubation of phosphodiesterase inhibitor followed by agonist. (These two inhibitors were of approximately equal efficacy at increasing the accumulation of cyclic AMP after isoproterenol stimulation of exponentially growing cells (GM498). Table  1 shows they are also of similar efficacy with confluent cultures.) ' nmoles cyclic AMP. Cells were seeded in the medium described in "Materials and Methods" with 20% fetal calf serum but otherwise as in Table 1 .
They were challenged at about 70 hr with 10 pM isoproterenol and 0.2 mM IBMX. Doubling time was calculated between 50 and 80 hr. Values are the averages of triplicate samples. ' nmoles cyclic AMP. Cells were seeded as in Table 2 but with 15% fetal calf serum. They were challenged at about 70 hr with 10 pM isoproterenol and 0.5 mM IBMX. Doubling time was calculated between 34 and 81 hr. Values are the averages of triplicate samples.
Cells were grown and challenged as described for the measurement of accumulation but cyclic AMP was measured at times of less than 1 min. The initial rates were approximated by linear least squares analysis of the 18 measurements. Figure 1 illustrates some of the data. Figure 1 illustrates the response of four strains to 10 pM isoproterenol and 0.5 mM IBMX (GM1707, 998, 323, and 1652) . These strains represent the fastest and slowest accumulators from the sets of C F and normal strains. The last column of Table 3 contains the rates for each cell strain (estimated by linear least squares fit). Again, the average responses are nearly identical for CF and normal cells at 0.198 and 0.191 nmoles/min/mg protein, respectively.
CONTROLS ON REPRODUCIBILITY
Various kinds of controls were run to test the accuracy and precision of these measurements. Cell strains were not sequenced in blocks of CF or normal strains but rather alternated throughout the seedings, challenge by agonist, purification, and cyclic AMP assay. Two or generally three samples were generated for each condition. The range of triplicates was acceptable; e.g., the average standard deviation of the 10 min values in Table 3 was 8%.
As a check on the precision of the cyclic AMP assay itself, we reassayed the 19 samples of GM316 for cyclic AMP content at 10 and 15 rnin and initial rate of accumulation (Table 3) . We found an average 15% difference and an initial rate of 0.20 nmoles per mg protein per min compared to the original estimate of 0.23.
As a measure of the reproducibility of the entire procedure within an experiment, one ampule of GM2037 was thawed and passaged into two dishes at identical density. On day zero, suitable samples were prepared from each of these dishes and stimulated for cyclic AMP production on day 3. The duplicate not shown in Table 3 gave values within 8% of those shown for the isoproterenol-stimulated cyclic AMP accumulation at 10 and 15 min. The duplicate initial rate measurement was based on only six points rather than the usual 18 points because of a loss of samples; it was 18% different.
In the experiment of Table 2 only, the strains were carried in two groups begun on succeeding days, with strain GM142 in both Table 3 . Symbols represent a single sample.
groups. This allowed a spot-check on the values derived for this one strain. We observed 20% differences in cyclic AMP per mg protein at 2 to 5 min and at 15 min in the presence of 0.2 mM IBMX.
A final and perhaps most important check on the conclusions from the experiments is that 17 of the strains were thawed and grown oncefor the experiments of Table 2 and again for that of Table 3 . The only differences in the protocols leading to the 15 min values after 10 pM isoproterenol are the small difference in serum content of the growth medium and the concentrations of IBMX used, 0.2 versus 0.5 mM. Inasmuch as other experiments have indicated that phosphodiesterase inhibition is not complete at 0.2 mM IBMX, we should expect a higher response in each strain in Table 3 . In fact, each of the 17 strains showed a reasonable increase in response except GM1959, which showed a 14% drop. The doubling times for these 17 cell strains were also quite reproducible between the two experiments except for GM998 which is typically a slow grower but was measured as a fast grower in the experiment in Table 2 . The average doubling time for the other eight CF cells was 27.9 + 1.9 hr (+ S.E.) in Table 2 and 26.9 + 1.3 hr in Table 3 ; the values for the eight normal cells were 28.9 + 1.1 in Table 2 and 28.7 + 1.9 in Table 3 . DISCUSSION We recognize that our system of comparing cells which originated from different areas of human skin and were grown by different people for different lengths of time in different media before being sent to the Institute for Medical Research is not ideal. It would have been a better experimental design to have used strains which originated in just one laboratory using the same origination procedure for each strain. However, with a large enough sampling of the two populations (here 13 CF and 12 normal strains), most of these differences would be represented in both populations. We obtained strains such that the average ages and passage numbers would be similar (Table 1 ). The average doubling times (a parameter of large variation) turned out to be similar as has been found in most recent comparisons of CF and normal fibroblasts [summarized by Shapiro et al. (12) l. The similarity in doubling time existed in spite of the differing histories of the cell strains; thus, it seems reasonably safe to generalize other observations on these sets of cells. The results presented show that for these sets of normal and CF skin fibroblasts there were no significant differences in their responses to isoproterenol or to PGE, in content of cyclic AMP at two different times whether the cells were growing exponentially (Tables 2 and 3) or were already confluent (Table 1 ). All strains responded similarly to the presence of two types of phosphodiesterase inhibitor. The averaged initial rates of the responses to isoproterenol in exponentially growing cells were also similar for the two sets of strains (Table 3) .
Any one of these data sets is sufficiently extensive and precise to rule out the possibility that we are missing a large (100%) increase in CF responsiveness to isoproterenol. By calculating the t statistic for two means (9) for the accumulations of cyclic AMP after 15 rnin of isoproterenol and IBMX expressed per mg protein, we find that a 25% difference is possible with a probability of 0.30 (Table l) , 0.50 (Table 2) , and 0.37 (Table 3) . However, a 100% difference is only probable to an extent of 0.01, 0.02, and 0.003, respectively, whereas a 200% difference has less than 0.0001 probability in each case. The rate data from Table 3 rule out a 100% difference at the 0.0001 level.
This report is the fifth published article (excluding abstracts) on the accumulation of cyclic AMP by CF and normal fibroblasts in response to isoproterenol and PGE,. The clear consensus of the reports published after the original observation (1) is that there is no large difference in the responses of these two types of cells. No one has reported any statistically significant differences in response to PGE1. The largest difference in isoproterenol-induced response ratio (CF:N) was seen in the original report on this subject (1); a ratio of 3.42 was observed based on five cell strains of each type (n = (2) found a ratio of 1.45 (n = 10); Roscher et al.
(1 I) found a ratio of 1.70 (n = 6); Davis et al. (6) found a ratio of about 1.0 (n = lo), although their previous abstract (5) using six of these 10 strains showed a ratio of 0.34 (n = 6). We found a ratio of 1.0 (n = 12) in the present study. The average ratio for all studies is approximately 1.5 (n = 43). There are a number of possible explanations for the apparent discrepancies. First, it is possible that Buchwald's 1976 conditions (1) were never again reproduced exactly, even by Buchwald and Mapleson (2) . However, with four research groups working independently, three of which have attempted to follow the original procedure (I), it seems likely that these conditions were closely simulated, arguing against this explanation. Thus, it seems probable that the original work by chance involved five high responding C F strains and five low-responding normal strains. Then what is the correct average ratio, i.e., the ratio of responses if all C F and normal strains were compared? Roscher et a/.
(1 1) have presented evidence for a true average higher than 1.0. After 4 days of serum deprivation (intended to synchronize the cells in G-I), they saw an average ratio of 1.7 + 0.60 S.D.
based on 20 determinations on six pairs of cells, a value expected by chance with a probability of only 0.001 according to their paired t test. Did they observe this ratio because of a chance selection of strains or because of their different experimental protocol? They list the important factors in their protocol as passage number, cell density, time after subculture, serum concentration, and stage of the cell cycle. However, all of these conditions have been considered by others. Each investigation has utilized C F and normal cells at the same passage number (here six to seven passages) and donor age (here I I to 12 years). We have been careful with cell density, always starting cells at a density of 2500/cm2 on day 0. By day 3, when the responses were measured, all cell strains were growing exponentially at similar densities (about 10,000/cm2), a density below that causing cell density inhibition of growth and less than the density of 20,000/cm2 used by Roscher et al.
(1 1). The time after subculture at which response was measured has been standardized by everyone (here 70 hr). The initial serum concentration has, of course, been identical between C F and normal strains; the possibility that different strains consumed factors in serum at different rates was obviated by frequent changes of medium or by early measurement (here 70 hr) with low densities of cells. The other potentially important effect of serum and of other medium components would be on the response itself directly. Roscher et a/.
(1 1) washed three times with serum-free medium before testing for response. Buchwald and Mapleson (2) washed once, and Davis et al. (6) washed three times with phosphate-buffered saline. We did not wash cells although the old medium was removed before isoproterenol in HEPESbuffered medium was added. We estimate that the concentrations of components of the old medium were reduced to about 2%. Roscher et al.
(1 1) serum-starved the cells in the hope of then being able to measure all strains at the same stage in the cell cycle (G-I). Although we agree that cell cycle stage may be important in the response of the cells, we have controlled for this by ensuring exponential growth of all strains, causing approxim~ely e q u i fractions of cells in each cell stage and in each subdivision of each stage as well. In spite of the incnt of the synchronization procedure, it is not clear to us that serum starvation increases the uniformity of the response to isoproterenol. From the statement of Roscher et a/. (I 1) that measurable incorporation of thymidine was occurring, clearly not all cells were in G-1. Even those cells in G-1 may not be at the same point in G-1 and those at the same points will not have been there for equal lengths of time; cell response could possibly differ both according to the cell's position in G-l and the length of time in G-I. Furthermore, they presented no evidence that different strains react similarly to serum starvation in terms of cell death or rate of protein synthesis.
Thus, we believe that Roscher et al.
(1 1) observed a ratio of response higher than 1.0 not because of any uniqueness in their methods of measuring response to isoproterenol but rather because they happened to select high-responding C F strains and lowresponding normal strains. All of our averaged results (Tables 1  to 3 ) point to no difference between C F and normal strains. However, if we had by chance selected only the five C F strains GM768,998, 1959, 1707, and 999 and compared them only to the normal strains GM3 16, 323, 498, 2037, 495, we would have found an average ratio of 2.4 (Table 1, Ro20-1724). If we had by chance selected five low-responding C F and five high-responding normal strains, we would have gotten an equally "significant" ratio of 0.3.
All four groups investigating the isoproterenol responses of fibroblasts have seen large variation between strains; the three other groups have seen large variation for the same strain measured on different days. As presented in "Controls on Reproducibility," we found semiquantitative reproduction of the response of each strain. The factors which we think may be important in this respect, listed in decreasing order of supposed importance, are: (1) trypsinization using 0.05% trypsin at room temperature (after one rinse with GHCKS) of cells which are in exponential growth; (2) freeing of cells by streaming growth medium over them rather than waiting for trypsin to release all cells or using a higher concentration of trypsin; (3) use of a low initial cell density and of a type and volume of medium which together ensure fast exponential growth over a prolonged period of time; (4) measurement of response during this exponential growth; (5) purifying of cyclic AMP standards and samples before assaying them.
We are not aware of any evidence that fibroblasts of C F patients function abnormally in vivo (14) . Thus, study of fibroblasts would seem to be useful only as a convenient model system for CF. Given the high incidence of this life-threatening disease and the near total ignorance of its biochemical causes, any clear objectively measured difference between C F and normal fibroblasts would be welcomed by C F researchers as a clue to the basis of the disease process that is expressed overtly by other cell types and possibly as a method for prenatal diagnosis if the difference could also be observed in cells from amniotic fluid. (See Refs. 3 and 4 for thoughtful discussion of the utility of fibroblasts in C F research.) However, if there is a useful difference between the average C F fibroblast and the average normal fibroblast, it does not seem to be in their responses to /3-adrenergic receptor agonists or to PGE,.
